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^ (57) Abstract: A method for generating a valve drive signal using a variable gain PI controller in a mass How controller. The 

©integral function includes an integral gain factor which functions as the variable gain in the PI controller. For set-point signals less 
than a normalized predetermined percentage of the maximum set-point, the gain factor is equal to formula (f). where a is a first gain 
^ constant and B is a second gain constant Otherwise, the integral gain factor is formula (II), where A is the first gain constant, B is 
^ the second gam constant, and x is the normalized set-point signal 
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SYSTEM AND METHOD FOR A 
VARIABLE GAIN PROPORTIONAL- INTEGRAL (PI) CONTROLLER 

TECHNICAL FIELD OF THE INVENTION 

This invention relates generally to 
proportional -integral control systems and methods, and 
more particularly to proportional -integral control 
methods in a mass flow controller. 
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BACKGROUND OF THE INVENTION 

Many, manufacturing processes require that the 
introduction rates of process gases into a process 
chamber be strictly controlled. These types of processes 
may use mass flow controllers (MFC) to control the flow 
rate of gases. A mass flow controller is a closed loop 
device that sets, measures, and controls the flow of the 
mass of a process gas into a process chamber. 
Semiconductor applications have been and continue to be 
the driving force behind product development in mass flow 
controller technology. Nonetheless, mass flow control is 
useful in other industries, such as the pharmaceutical 
industry and the food industry. 

A thermal mass flow controller is composed of a 
front half which includes a flow sensor and a back half 
which includes a control valve. The flow sensor is often 
composed of twin resistance temperature sensors wound 
around a capillary tube. When gas flows through the 
sensor, heat is carried downstream and the temperature 
difference is proportional to the mass flow rate of the 
gas. The temperature difference will cause differential 
resistance changes in the sensor elements. The control 
valve receives a signal via electronics from the flow 
sensor to regulate gas flow. Solenoid activated valves 
are often used as control valves because of their 
simplicity, quick response, robustness, and low cost. 

Traditional feedback control methods are often used 
to control the flow of gas in a mass flow controller. In 
a mass flow controller, the system includes a set-point 
representing the desired flow of gas in the mass flow 
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controller, a sensor which senses the actual flow rate of 
a gas in the mass flow controller, a controller, and a 
plant. The controller consists of electronic circuitry 
which controls the action of the plant. In the case of 
the mass flow controller, the plant may be a solenoid 
activated valve which directly controls the actual flow 
rate of a gas into a process chamber. The electronic 
circuitry in the controller can generate a control signal 
fralve drive signal) based on an error signal. The error 
signal is the difference between the set-point signal and 
a feedback signal. In the case of a mass flow 
controller, the set-point signal is a function of the 
desired flow rate and the feedback signal is a function 
of actual flow rate." 

Feedback control modes often employed are 
proportional control, integral control, and derivative 
control. With proportional control, the control signal 
is proportional to an error signal. The controller gain 
can be adjusted to make the control signal sensitive to 
small deviations between the set-point signal and the 
feedback signal. Design of the controller gain can also 
be chosen to make the control signal increase or decrease 
as the deviation between the set-point signal as the 
feedback signal increases or decreases. An inherent 
drawback of proportional-only control is that it is • 
unable to eliminate steady-state errors. 

Integral control is often widely used because it 
provides the advantage of elimination of errors, with 
integral control, the control signal depends on the 
integral of the error signal over time. During steady- 
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state operation of the system, if the control error is 
constant, the integral of the error will change with time 
and produce an action in the plant that ultimately causes 
the error to go to zero. The integral controller is not 
often used alone since little control action in the plant 
occurs until the error signal has persisted for some 
time. Proportional control, however, immediately 
amplifies the error signal. Therefore, integral control 
is often used in conjunction with proportional control in 
what is called a proportional integral (PI) controller to 
generate the valve drive signal (control signal) . 

Derivative control functions to anticipate the 
behavior of the error signal . With derivative control, 
the control signal depends on the rate of change of the 
15 error signal. Derivative control also tends to reduce 

the time needed for the process to reach steady state. 
Derivative control is used in conjunction with either 
proportional control or proportional -integral control. 

A persistent problem with typical mass flow 
controllers is that the solenoid valve action is not a 
linear function of the valve drive signal Ccontc oJ 
^signalK The relationship between the valve drive signal 
and the actual flow through the mass flow controller for 
the solenoid valve is with hysterisis. FIGURE 1 is a 
graphical representation of the valve drive signal versus 
actual flow through a mass flow controller. The gain of 
the valve increases with flow. The valve drive signal is 
graphed along the x-axis and the actual flow through the 
mass flow controller is graphed along y-axis. As the 
valve drive signal increases, the actual flow through the 



20 



25 



30 



WO 01/04717 



PCT/US00/40275 



5 

mass flow controller does not begin to increase until the 
valve drive signal reaches a value of X 3 . This amount of 
time it takes the valve drive signal to reach X 3 is 
denoted as the dead time. Once the valve drive signal 
reaches the value of X 3 , the actual flow begins to 
increase in a proportional (but non-linear) manner as a 
function of the valve drive signal. Once the valve drive 
signal has reached a maximum value of X 4 , decreasing the 
valve drive signal does not immediately cause a decrease 
in the actual flow through the mass flow controller. The 
valve drive signal must be decreased to a level of X 2 
until the actual flow begins to decrease in a 
proportional (but non- linear) manner as a function of the 
valve drive signal. " Once the valve drive signal reaches 
the level of Xi, the actual flow may cease. It can be 
seen from FIGURE 1 that when the valve drive signal is 
weak the response of the valve is negligible, yet when 
the valve drive signal passes a certain * threshold" (X 3 ) 
the valve response is greatly increased. The gain of the 
valve increases with flow. This type of non-linear 
characteristics associated with the solenoid valve is 
extremely difficult to control and cannot be fully 
compensated. 

Ultimately, there is a need to compensate for the 
non-linear behavior of actual flow in a mass flow 
controller caused by the non-linear relationship between 
the valve drive signal and the actual flow through the 
solenoid activated valves. 
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SUMMARY OF THE INVENTION 

The present invention provides a system and method 
; for generating a valve drive signal that substantially . 
eliminates or reduces disadvantages and problems 
5 associated with previously developed systems and methods 

for generating a valve drive signal. 

More specifically, the present invention provides a 
system and method for generating a valve drive signal 
using a variable gain PI controller in an mass flow 
10 controller. The method includes multiplying an error 

signal with a proportional gain factor to generate a 
proportional signal. The method also includes 
implementing an integral function on the error signal. 
The integral function includes an integral gain factor 
15_ which functions as the variable gain in the PI 

controller. For set -point signals less than a normalize d 
predeterm in ed percentage* p of t-h^ mgyimnm ^ t-point f the 

integral gain factor is equal to j^L^^^g , where A is a 

first gain constant, B is a second gain constant, and « 
max(x) is the maximum value of the normalized set -point 
signal. Otherwise, the integral gain factor is equal to 

^ - max (x)j^ where A is the first gain constant, B is 

^tne second gain constant, and x is the normalized set- 
point signal. Implementing the integral function - 
25 produces an integral signal. Lastly, the integral signal 
and the proportional signal are summed to generate the 
valve drive signal. The error signal is a function of the 
difference between a bset-point signal and a feedback 
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signal. The set-point signal is a function of a desired 
flow rate in the mass flow controller, while the feedback 
signal is a function of the actual flow rate through the 
mass flow controller. 
5 The present invention provides an important 

technical advantage in that it enables the integral gain 
factor in. the PI controller to be a variable gain . The 
integral gain factor is a function of the set -point 
signal. . Thus, for a low set- point signal the effect of 

10 the lower valve gain can be compensated with higher. 

integral gain. This mechanism maintains the same control 
system feedback loop gain regardless of the operating 
point and enables the system response to be rendered 
uniform in speed of response and disturbance rejection 

15 characteristic, effectively concealing delayed step 

response and sluggish recovery from inlet pressure 
disturbance while operating at low set-point (or. 
operating point) . 

Another technical advantage of the present invention 

20 is that it reduces the dead time associated with the 

valve in the mass flow controller, allowing the control 
signal to ramp up through. the valve dead time with the 
same efficiency whether the mass flow controller is 
ramping to 100% of the maximum flow or 5% of the maximuni 

25 flow. ' 
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BRIEF DESCRIPTION' OF THE PRAWTNftg 

A more complete understanding of the present 
invention and the advantages thereof may be acquired by 
referring to the following description, taken in 
conjunction with the accompanying drawings in which like 
reference numbers indicate like features and wherein: 

FIGURE 1 graphically illustrates the non-linear 
relationship between the valve drive signal' and flow 
through the valve. 

FIGURE 2 is a block diagram of a variable PI 
controller. 

FIGURE 3 illustrates one embodiment of the present 
invention; and 

FIGURE 4 illustrates the graphical relationship 
between integral gain factor and set-point signal. 



WO 01/04717 



PCI7US00/40275 



9 

DETAILED DESCRIPTION" OF THE TNVRNTTn^ 

Preferred embodiments of the present invention are 
illustrated in the figures, like numerals being used to 
refer to like and corresponding parts of various 
5 drawings. 

The present invention provides a system and method 
for generating a valve drive signal using a variable gain 
PI controller in an mass flow controller.. The method 
includes inputting an error signal into a variable gain 

10 PI controller which outputs the valve drive signal". The 

integral gain factor of the variable gain PI controller 
is a function of a set-point. The error signal is a 
function of the difference between the set-point signal 
and a feedback signal. The set-point signal is a 

15 function of a desired flow rate in the mass flow 

controller, while the feedback signal is a function of 
the actual flow rate through the mass flow controller. 

FIGURE 2 represents the block diagram for one 
embodiment of the present invention. In FIGURE 2, 

20 variable gain PI controller 10 consists of proportional 

gain stage 14, integral gain stage 16, integrator 18, and 
adder stage 24. Error signal 12 is multiplied by- 
proportional gain constant K P at proportional gain stage 
14 to produce proportional signal 20. Error signal 12 is 

25 also multiplied by integral gain factor Ki at integral 
gain stage 16 and input into integrator 18 to produce 
integral signal 22. The sequence of integral gain stage 
16 and integrator 18 can be reversed without altering 
integral signal 22. At adder stage 24, integral signal 

30 22 and proportional signal 20 can be combined to form 



WO 01/04717 



PCT/US00/40275 



10 

drive signal 26. Both integral gain factor K z and error 
signal 12 are functions of a desired set-point. 

FIGURE 3 represents one embodiment of the present 
invention in which variable gain PI controller 10 is used 
in a mass flow controller 28. In FIGURE 3 set-point 
signal 30 can be compared with feedback signal 32 at 
adder stage 34 to produce error signal 12. Error signal 
12 can be input into PI controller 10. PI controller 10 
consists of proportional gain stage 14, integral gain 
stage 16, integrator 18, and adder stage 24. Error 
signal 12 is multiplied by. proportional gain constant K P 
at proportional gain stage 14 to produce proportional 
signal 20. Error signal 12 may also be multiplied by 
integral gain factor *Kj at integral gain stage 16 and 
input to integrator 18 to produce integral signal 22. 
Proportional signal 20 and integral signal 22 are input 
into adder stage 24, to generate drive signal 26. Drive 
signal 26 can be used to control valve drive circuitry 3 8 
and valve 40. Valve 40 produces an actual flow rate 42 
within mass flow controller 28. Actual flow rate 42 can 
be measured by flow sensor 44. Flow sensor 44 outputs 
sensed flow rate signal 46. Sensed flow rate signal 46 
may be input into derivative controller 48. Derivative 
controller 48 may produce feedback signal 32. 

Proportional gain constant K P is set to' a fixed 
value. This value can be determined emperically such that 
the output (drive signal 26) is the desired response to a 
set-point signal 30 equal to a step input. 

Integral gain factor K x at integral gain stage 16 is 
a function of set-point signal 30. Integral gain stage 
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16 is designed to' compensate for the delay in the 
response of valve 38 when set-point signal 30 is low. 

FIGURE 4 is a graphical representation of the 
relationship between integral gain factor K z and set-point 
signal 30. Set-point signal 30 (normalized) is graphed 
along the x-axis, while integral gain factor Kj is graphed 
along the y-axis. The relationship between integral gain 
factor Ki and set-point signal 30 is given by 

+ 5 for x>0.1(max(;c)) 
*'"V i \ [EQN 1] 

[oaT * b forx< °- 1(max W)' 

where x is the normalized set-point signal 30, max(x) is 
a maximum value of (max(x)=l) set-point signal 30, A is a 
first constant, and B is a second constant. Note for 
set-point signal 3 0 lower than 10% of the maximum value 
of set-point signal 30, the integral gain factor K x is 
saturated to prevent the integral gain factor Ki from 
growing to infinity. 

Second constant B is adjusted by observation to get 
an optimal response from valve 40 on 0 -4 100% steps of 
set-point signal 30. To calculate second constant B, 
set-point signal 3 0 is set to a step input on 0 4 100% of 
the maximum set-point signal. Drive signal 26 can be 
observed using data acquisition software. Second 
constant B is adjusted as a variable in software to 
achieve the desired step response for 0 -> 100% step 
input. With this setting alone, the response of valve 40 
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to lower values of set-point signal 30 can be too slow. 
Therefore, first constant A is adjusted to get the same 
quality of step response toward lower values set -point 
signal 30 (0 10%) using the same method of observation. 
5 With first constant A and second constant B, proper 

response becomes uniform across all requests of set-point 
signal 30. 

Both PI controller 10 and derivative controller 48 
can be implemented digitally using difference equations 

10 in a digital signal processor (DSP) controller. If set- 

point signal 3 0 or sensed flow rate signal 46 are analog 
signals, these signals can easily be converted to digital 
signal by implementing A/D converters prior to inputting 
set-point signal 30 into PI controller 10 or sensed flow 

15 rate signal 46 into derivative controller 48. A/D 

converters can be external to the DSP controller or 
internal to the DSP controller. When using a DSP „ 
controller, error signal 12, drive signal 36, and 
feedback signal 32 are digital signals. 

20 The DSP controller may also be operable to 

communicate with a computer, such as a personal computer 
(PC) . The computer may aid the DSP controller with large 
mathematical computations. The computer can download via 
a connection between the computer and the DSP controller 

25 . results of performed calculations to the DSP controller. 
The DSP controller may have or interface to a storage 
device such as a EEPROM to store calculations downloaded 
from a computer. 

Derivative controller 4 8 may be implemented using a 

30 standard first derivative implementation known to those 
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skilled in the art. Alternatively, to gain a more 
accurate approximation of actual flow rate 42 and 
compensate for delay introduced by flow sensor 44, 
derivative controller 48 can be implemented using the 
method disclosed in U.S. Patent Application Serial No. 
09/351,120 filed on July 9, 1999, by E. Vyers, et al., 
entitled W A System and Method For A Digital Mass Flow 
Controller" . 

The DSP controller may also implement linearization 
of sensed flow rate signal 46 prior to inputting sensed 
flow rate signal 46 into derivative controller 48. Many 
methods exist for linearization such as least squares and 
other regression techniques. Reference is made to the 
method disclosed in U.S. Patent Application Serial No. 
09/350,747 filed July 9, 1999, by T.I. Pattantyus and F. 
Tariq entitled "Method and System for Sensor Response 
Linearization" . 

Sensor 44 may consist of two resistive temperature 
sensors wound around a capillary tube. The two resistive 
temperature sensors can couple to interface circuitry for 
conditioning the signal produced by the two resistive 
temperature sensors. Particular reference is made to the 
interface circuit disclosed in U.S. Patent Application 
Serial No. 09/350,746 filed July 9, 1999 by T.I. 
Pattantyus et. al. entitled * Improved Mass Flow Sensor 
Interface Circuit" . 

Valve 40 may be a solenoid-activated valve. There 
are many circuit configurations that can be used for 
valve drive circuitry 38. These configurations can 
convert drive signal 26 into a drive current for a 
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solenoid that drives valve 40, Drive signal 26 may be a 
digital signal . Most of the circuits that can be used for 
valve drive circuitry 38 include a control element, such 
as a transistor. The control element continuously 
5 switches a voltage across the solenoid. The switching is 
a function of drive signal 26. In turn, an average 
solenoid current can be generated in the solenoid which 
is a function of the switching rate of the voltage across 
the solenoid. The solenoid current activates valve 40, 

10 Particular reference is made to the valve drive circuitry 
disclosed in U.S. Patent Application Serial No. 
09/351,111. filed July 9, 1999, by T.I. Pattantyus 
entitled "Method and System for Driving a Solenoid'' . 

Mass flow controllers can implement a closed loop 

15 control algorithm. Reference is made to the advanced 

digital control algorithm disclosed in U.S. Patent 
Application Serial No. 09/350,744 filed on July ?, 1999 
by K. Tins ley entitled u System and Method of Operation of 
a Digital Mass Flow Controller" . 

20 It is important to note that the present invention 

is not limited to used in a mass flow controller 
including the components and methods referenced above. 

The present invention provides an important 
technical advantage in that it enables the integral gain 

25 factor K z in the PI controller 10 to be a variable. .The 
integral gain factor K z is a function of the set -point 
signal 30. Thus, for low set -point signal 3 0 the system 
response can be accelerated. 

Another technical advantage of the present invention 

3 0 is that the dead time associated with valve 4 0 is 
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reduced. The dead time of valve 40 is reduced with the 
same efficiency whether mass flow controller 28 is being 
ramped to 10 0% of the maximum possible flow through the 
controller or 5% of the maximum possible flow through the 
5 controller. 

Still yet another technical advantage of the present 
invention is that there is a uniform speed of response of 
valve 40 regardless of the magnitude of the change in 
set-point signal 30. In other words, valve 40 responds 

10 with the same speed when set -point signal 3 0 is set to 

100% of the maximum possible flow through mass flow 
controller 28 or 5% of the maximum possible flow through 
mass flow controller 28. Through the use of a variable 
gain for integral gain fact K z , Valve 40 has a uniform 

15 speed of response. Integral gain factor K z compensates 
for the non- linear behavior innate to valve 40. 

Another technical advantage of the present invention 
is uniform disturbance rejection (inlet pressure 
disturbance) . The overall gain of the closed loop of PI 

20 controller 10 is a constant. 

Another technical advantage of the present invention 
is that the dead time for valve 40 is reduced. Due to 
the adjustable gain for integral gain factor K lt the dead 
time for valve 40 is reduced by increasing the gain and 

25 speeding the response of valve 40. 

Although the present invention has been described in 
detail herein with reference to the illustrative 
embodiments, it should be understood that the description 
is by way of example only and is not to be construed in a 

3 0 limiting sense. It is to be further understood, 
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therefore, that numerous changes in the details of the 
embodiments of this invention and additional embodiments 
of this invention will be apparent to, and may be made 
by, persons of ordinary skill in the art having reference 
to this description. It is contemplated that all such 
changes and additional embodiments are within the spirit 
and true scope of this invention as claimed below. 



WO 01/04717 



PCT/USOO/40275 



17 

WflAT IS Q hAimD I S; 

1. A method for generating a valve drive signal, 
using a variable gain PI controller in a mass flow 
controller, said method comprising the steps of: 

multiplying an error signal by a proportional gain 

factor to generate a proportional signal; 

implementing an integral function including an 

integral gain factor on said error signal to generate an 

integral signal, said integral gain factor equal to: 
a first gain function for a normalized set- 
point signal less than a predetermined percentage of 
a maximum normalized set-point signal; 

a second gain function for said normalized set- 
point signal greater than a predetermined percentage 
of said normalized maximum set -point signal; and 
summing said integral signal and said proportional 

signal to generate said valve drive signal. 

2. The method of Claim 1, wherein said 
predetermined percentage is 10%. 

3. The method of Claim 1, wherein said first gain 
function is equal to [[^j^ 5 ]' where A is a first gain 
constant and B is a second gain constant. 

4. The method of Claim 3, wherein said second gain 
function is equal to [f—iWL where A is said first gain 
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constant, B is said second gain constant, and x is said 
normalized set-point signal. 

5. The method of Claim 4, wherein said second gain 
5 constant is obtained empirically to attain a desired 
response to a step input into said variable gain PI 
controller of 0% to 100% of said maximum normalized set- 
point signal. 

10 6. The method of Claim 5, wherein said first gain 

constant is obtained empirically to attain a desired 
response to a step input into said variable gain PI 
controller of 0% to 10% of said maximum normalized set- 
point signal. 

15 

7. The method of Claim 1, wherein said error 
signal is a difference between a set -point signal that is 
a function of a desired flow rate signal in said mass 
flow controller and a feedback signal that, is a function 

20 of an actual flow rate through said mass flow controller. 

8. The method of Claim 7, wherein said set -point 
signal and said feedback signal are digital signals. 
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9. A variable gain PI controller comprising: 
a proportional function for weighting an error 

signal with a proportional gain factor to generate a 
proportional signal; 
5 an integral function that includes an integral gain 

factor to generate an integral signal, said integral gain 
factor is equal to: 

a first gain function for a normalized set- 
point signal less than a predetermined percentage of 
10 a maximum normalized set-point signal; 

a second gain function for said normalized set- 
point signal greater than said predetermined 
percentage of said maximum normalized set -point 
signal; and 

15 an adder for summing said proportional signal and 

said integral signal to generate a control signal. 

10. The system of Claim 9, wherein said 
predetermined percentage is 10%. 

20 

11. The system of Claim 9, wherein said first gain 
function is equal to [[^^j^ 5 ]' where A is a first gain 
constant and B is a second gain constant. 

25 12. The system of Claim 11, wherein said second 

gain function is equal to [[^j^*] ' where A is said first 

gain constant, B is said second gain constant, and x is 
said normalized set-point signal. 
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13. -The system of Claim 12, wherein said second 
gain constant is obtained empirically to attain a desired 
response to a step input into said variable gain PI 
controller of 0% to 100% of said maximum normalized set- 
point signal. 

14. The system of Claim 13, wherein said first gain 
constant is obtained empirically to attain a desired 
response to a step input into said variable gain PI 
controller of 0% to 10% of said maximum normalized set- 
point signal . 

15. The systenf of Claim 9, 'wherein said error 
signal is a difference between a set-point signal that is 
a function of a desired flow rate signal in a mass flow 
controller and a feedback signal that is a function of an 
actual flow rate through said mass flow controller. 



20 



16. The system of Claim 15, wherein said set -point 
signal and said feedback signal are digital signals. 
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17. A mass flow controller for controlling the flow 
of a liquid or gas in a manufacturing process, said mass 
flow controller comprising: 

valve drive circuitry for controlling a solenoid- 
activated valve that controls an actual flow rate of said 
liquid or gas in said manufacturing process; 

a flow sensor for measuring said actual flow rate of 
said substance and outputting a sensed flow rate signal; 

a derivative controller for converting said. sensed 
flow rate signal into a feedback signal that more closely 
approximates said actual flow rate than said sensed flow 
rate signal; and 

a variable gain PI controller that converts an error 
signal between a set-point signal and said feedback 
signal into said valve drive signal, said variable PI 
controller comprising: 

a proportional function for weighting an error 
signal with a proportional gain factor to generate a 
propor t ional s ignal ; 

an integral function for implementing a 
weighted integral of said error signal with an 
integral gain factor to generate an integral signal, 
said integral gain factor is equal to: 

a first gain function for a normalized 
set-point signal less than a predetermined, 
percentage of a maximum normalized set -point 
signal; 

a second gain function for said normalized 
set-point signal greater than said 
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predetermined percentage of said maximum 
normalized set-point signal; and 
an adder for summing said proportional signal and 
said integral signal to generate a valve drive signal to 
5 be input into said valve drive circuitry. 

18. The mass flow controller of Claim 17, wherein 
said first gain function is equal to j^-^+sj, where A 
is a first gain constant and B is a second gain constant. 



10 



15 



19. The mass flow controller of Claim 18, wherein 
said second gain function is equal to jp--i^ + *J, where A 

is said first gain constant, B is said second gain 
constant, and x is said normalized set-point signal. 



20. The mass flow controller of Claim 19, wherein 
said second gain constant is obtained empirically to 
attain a desired response to a step into said variable 
gain PI controller input of 0% to 100% of said maximum 

20 normalized set-point signal. 

21. The mass flow controller of Claim 20, wherein 
said first gain constant is obtained empirically to 
attain a desired response to a step into said variable 

25 gain PI controller input of 0% to 10% of said maximum 
normalized set-point signal. 
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